While electrospun nanofibers have demonstrated the potential for novel tissue engineering scaffolds, very little is known about the molecular mechanism of how cells sense and adapt to nanofibers. Here, we revealed the role of focal adhesion kinase (FAK), one of the key molecular sensors in the focal adhesion complex, in regulating mesenchymal stem cell (MSC) shaping on nanofibers. We produced uniaxially aligned and randomly distributed nanofibers from poly(Llactic acid) to have the same diameters (about 130 nm) and evaluated MSC behavior on these nanofibers comparing with that on flat PLLA control. C3H10T1/2 murine MSCs exhibited upregulations in FAK expression and phosphorylation (pY397) on nanofibrous cultures as assessed by immunoblotting, and this trend was even greater on aligned nanofibers. MSCs showed significantly elongated and well-spread morphologies on aligned and random nanofibers, respectively. In the presence of FAK silencing via small hairpin RNA (shRNA), cell elongation length in the aligned nanofiber direction (cell major axis length) was significantly decreased, while cells still showed preferred orientation along the aligned nanofibers. On random nanofibers, MSCs with FAK-shRNA showed impaired cell spreading resulting in smaller cell area and higher circularity. Our study provides new data on how MSCs shape their morphologies on aligned and random nanofibrous cultures potentially via FAK-mediated mechanism.
Introduction
Successful tissue engineering scaffolds should meet several requirements on cytocompatibility, mechanical strength, porous architecture, degradation property, etc. To facilitate intracellular response and intercellular interaction in the scaffolds, scaffolds may better mimic in vivo extracellular matrix (ECM) environments. Nanofibers may be ideal for this goal considering their advantages of biomimicking ECM nanofilamentary architecture, high surface area-to-volume ratio, controllable mechanical property and porous structure, and a 3D environment for regulating cell-scaffold and cell-cell interaction [ 1 ] .
Electrospinning has attracted a great deal of attention due to its capability to produce fibers of nanoscale diameter rapidly and cost-effectively from many raw materials. Our group's effort on electrospinning has helped to open up broad applications of nanofibers from advanced supercomposites with nanofiber-reinforced interfaces to biomedical applications [ 2 -4 ] . Many other studies have also shown that ECM-like nanofibers with tailored nanofiber architecture (diameter, aligned or random orientation, pore size, porosity), controlled degradability, and immobilized soluble signal can provide desired cell stimulatory cues to promote cell adhesion, orientation, proliferation, differentiation, and tissue formation [ 5 , 6 ] . Exploiting these advantages, electrospun nanofibers have been tested for engineering bone tissue [ 7 , 8 ] , wound dressing [ 9 , 10 ] , artificial vessel formation [ 11 ] , neural tissue regeneration [ 12 , 13 ] , and vehicles for drug delivery [ 14 , 15 ] and biomolecular transport [ 16 ] .
Despite the successes of the nanofiber-based tissue engineering, very little is known about molecular mechanisms that govern cell-nanofiber interaction. We recently tested potential mechanism of cell-nanofiber interaction based on the hypothesis that RhoA kinase (ROCK), one of the key cytoskeletal tension signaling molecules, plays a role in controlling cell alignment on nanofibers [ 17 ] . The other key cellular mechanical structure, e.g., focal adhesion, may also play a vital role in cell-nanofiber interaction. In this study, we revealed the role of focal adhesion kinase (FAK), one of the key mechanistic sensors constituting the focal adhesion complex, in MSC morphology formation on nanofibers. FAK expression and phosphorylation in MSCs on aligned and random nanofibers were assessed relative to flat control. Then, the effects of FAK silencing on MSC alignment and spreading on test substrates were examined and compared with vector control. Our data on the FAK regulation in MSC-nanofiber interaction may provide an improved understanding on how MSCs sense and adapt to nanofibrous cultures.
Materials and methods

Aligned and random nanofiber fabrication and characterization
Unidirectionally aligned and randomly distributed nanofibers were fabricated from poly(Llactic acid) (PLLA, M w = 152,000, Sigma-Aldrich) by electrospinning. Polymer solution was prepared by dissolving PLLA in dichloromethane (DCM)/n,n-dimethylformamide (DMF) (70/30) at 4% w/w. The solution was loaded into a 1 ml syringe with a 30-gauge needle and dispensed at 1 ml/h with a syringe pump. A voltage of 18 kV was applied using a DC power supply to generate the polymer jet. The electrospinning distance was fixed at 15 cm. For producing aligned nanofibers, a rotating collection disk was used (rotating at 1000 rpm). For random nanofibers, a flat stationary plate was used for collection. Both aligned and random nanofibers were collected on spin-cast PLLA films formed on 18 mm dia. round glass coverslips. Spin-casting of PLLA films was conducted at 4000 rpm for 25 sec using a 1% w/w PLLA solution in chloroform. Spin-cast PLLA films were also used as flat controls in cell culture assays. For scanning electron microscopy (SEM), nanofibers were coated with platinum/palladium using the sputter coater (Ted Pella) and observed by Quanta 200F SEM (FEI). Nanofiber diameter was measured from SEM images with ImageJ software.
Cell culture
C3H10T1/2 murine MSCs (ATCC, CCL-226) were cultured in Dulbecco's Modified Eagle Medium supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin. Cells were seeded on test substrata (flat control, aligned and random nanofibers) using the growth media at 1×10 4 cells/cm 2 and kept at 37°C and 5% CO 2 . Surfaces were not precoated with ECM proteins. Prior to cell culture, surfaces were treated with UV light for 2 h for sterilization.
Immunoblotting of FAK and phosphorylated FAK
Western blotting was used to assess FAK expression and phosphorylation. Methods followed our published protocols [ 17 , 18 ] . Cells were cultured for 24 h on test surfaces, washed with phosphate buffered saline (PBS), and harvested with 0.25% trypsin/ ethylenediaminetetraacetic acid. The cells were centrifuged at 2000 rpm for 5 min, and then lysed with protein lysis buffer. Equal amounts of lysates underwent sodium dodecyl sulfatepolyacrylamide gel electrophoresis, and the proteins were transferred onto the nitrocellulose membrane. The membrane was blocked with 5% non-fat dry milk for 1 h, and then incubated at 4°C overnight with FAK antibody (Cell Signaling, 3285S) and phosphorylated FAK (pY397) antibody (BD Biosciences, 611806). The membrane was washed and then incubated with horseradish peroxidase-conjugated secondary antibody (Jackson Lab). Immuno-positive bands were detected by enhanced chemiluminescence. The band strength was quantified by ImageJ and normalized with the loading control, GAPDH. Tests were repeated three times.
Silencing FAK via shRNA
MSCs with stable FAK knockdown were produced by small hairpin RNA (shRNA). Detailed methodologies were described in our previous reports [ 19 , 20 ] . Briefly, FAK-shRNA plasmids (Santa Cruz, sc-35353-SH) were transfected into cells with transfection reagent. After exposing to the selection media having 2 μg/ml puromycin, cells with puromycin resistance were chosen for further passaging to establish cells with stable FAK knockdown. To produce vector control, the same process was repeated but with control shRNA plasmid (Santa Cruz, sc-108060).
Cell morphology measurements
Cell morphologies on test substrates without or with FAK-shRNA were quantified from SEM images using ImageJ. After 24 h of culturing, cells were fixed with 2.5% glutaraldehyde solution in PBS. Fixed cells were dehydrated by serially treating with ethanol/distilled water mixtures at 50, 80, 90, 95, 98, and 100% volumes of ethanol each continued for 10 min. After drying, cells were coated with platinum/palladium and imaged with SEM. Protocols for quantifying cell morphologies (major and minor axis lengths, area, circularity) and orientation angle followed those described in our previous work [ 17 ] .
Statistics
Statistical analyses were completed by one-way analysis of variance (ANOVA) followed by Tukey's post-hoc tests. The statistical significance is presented in the figures.
Results
3.1.
Cell response is assessed on aligned and random nanofibers at the same nanofiber diameter and compared with flat control all under the same surface chemistry SEM images of spin-cast PLLA flat control film and PLLA aligned and random nanofibers formed on the PLLA flat film are shown in Fig. 1 . By tuning electrospinning conditions, we could successfully produce continuous nanofibers with desired orientation and diameter. To test the effects of nanofiber orientation (aligned, random), the other parameters were controlled to be the same. The diameters of aligned and random nanofibers were 128.4±34.7 nm and 126.7±32.6 nm, respectively. For aligned nanofibers, fiber orientation became disordered when the collection time was longer than 30 min, which may be due to the residual charge on collected fibers (as we published [ 21 ] ). The collection time was adjusted not to exceed this time. Fabricating aligned and random nanofibers on spin-cast PLLA films improved the adhesion of electrospun fibers to the basal substrate. More importantly, this allowed to test the effects of nanofiber architectures in comparison with flat control all under the same surface chemistry of PLLA.
FAK expression and phosphorylation in MSCs are increased on aligned and random nanofibers
We assessed FAK expression and phosphorylation at the auto-phosphorylation site (pY397) by immunoblotting (Fig. 2) . The data after normalization showed that total FAK expression was increased for MSCs cultured on aligned nanofibers relative to flat control (*: p < 0.05). Cells on random nanofibers also showed increased FAK but did not reach statistical significance. FAK phosphorylation (p-FAK) at pY397 was significantly increased for MSCs on both aligned and random nanofibers compared with flat control (**: p < 0.01). The increase in p-FAK was greater on aligned nanofibers relative to random nanofibers (#: p < 0.05).
MSCs display elongated and well-spread morphologies on aligned and random nanofibers, respectively
Fig 3B upper panels show examples of SEM images of MSCs seeded for 24 h on test surfaces. On aligned nanofibers, MSC vector control exhibited contact guidance, preferred cell orientation and elongation along the aligned nanofiber direction. Cells on random nanofibers also showed nanofiber-guided elongations but in random directions following local nanofiber orientations. There was no preferred cell orientation on the flat control, in which both filopodia extension and lamellipodia spreading were seen.
FAK-shRNA suppresses MSC elongation on aligned nanofibers and spreading on random nanofibers
To further test FAK involvement in MSC-nanofiber interaction, MSCs with silenced FAK were established via shRNA. As in Fig. 3A , MSCs with FAK-shRNA showed significantly reduced FAK expression relative to parent cells and vector control. In contrast to small interference RNA (siRNA) that produces only transient silencing, shRNA provides sustainable knockdown and less off-target effect via endogenous machinery [ 22 ] . We confirmed sustainable interference after subcultures (not shown here).
SEM images of MSCs with FAK-shRNA are shown in Fig 3B lower panels. Most noticeably, MSCs with FAK-shRNA had less elongated morphology on aligned nanofibers relative to its counterpart (vector control). Also, MSCs with FAK-shRNA showed less cell spreading on random nanofibers. These changes in cell morphologies were quantified in Fig.  4A . For vector control, cell elongation on aligned nanofibers resulted in significantly larger cell major axis length, smaller minor axis length, smaller area, and lower circularity in comparisons with both flat control (**: p < 0.01) and random nanofibers ( ## : p < 0.01). FAK-shRNA induced significant changes in cell morphologies (marked as ψψ : p < 0.01 compared with vector control). Major axis lengths were significantly reduced on both aligned and random nanofibers in the presence of FAK-shRNA. Decreases in minor axis length and cell area by FAK-shRNA were significant on random nanofibers. These changes resulted in a significant increase in circularity on random nanofibers for FAK-shRNA.
Histograms of cell orientation angles quantified relative to the nanofiber direction are shown in Fig. 4B . For flat control and random nanofibers arbitrary direction was set as 0°, while for aligned nanofibers 0° was set along the longitudinal direction of the aligned nanofibers. Then, the angle with the cell major axis was obtained. Contact-guided cell orientation by aligned nanofibers is clearly seen for vector control. Notably, even with FAK-shRNA cells still exhibited nanofiber-guided orientation producing very similar orientation angle distribution as that of the vector control (although the cell major axis length on aligned nanofibers was significantly reduced by FAK-shRNA as in Fig. 4A ). On flat control and random nanofibers, both vector control and FAK-shRNA showed random cell orientation angles.
Discussion
Since nanofibers can be fabricated to mimic the fibrous components of the native ECM, they may provide biomimetic cues essential for effectively constructing cell morphology and organization. Understanding underlying molecular mechanisms that govern cell adaptation to biomimicry parameters of nanofibers (aligned vs. random, diameter, porous structure, etc.) may help design new and improved nanofiber scaffolds. Based on this rationale, this study aimed to reveal the role of focal adhesion signaling, FAK, in MSC shaping on aligned and random nanofibers.
Anchorage-dependent cells adhere to ECM via focal adhesion complex. Various linker proteins including FAK, vinculin, paxillin, talin, etc. participate in the focal adhesion complex as physical connectors when ECM-bound integrins are linked to cytoskeletons. Such physical linker proteins can also behave as signaling moderators. Specifically, FAK, a tyrosine-phosphorylated kinase, has been proposed to play a vital role in cell adhesion and spreading and in the signal transduction generated by focal adhesion, thus modulating downstream cell functions such as gene expression, proliferation, survival, differentiation, and motility [ 23 -25 ] . In our previous study utilizing randomly distributed nanopit topographies [ 18 ] , we demonstrated that FAK may be involved in cell-nanotopography interaction. We showed that FAK expression and pY397 phosphorylation were increased for osteoblastic cells cultured on nanopit textures with specific pit depths (ca. 10-20 nm) compared with flat control.
Here, we tested the role of FAK in the nanofiber control of MSCs. MSCs displayed elongated and well-spread morphologies on aligned and random nanofibers, respectively, in contrast to flat control (Fig. 3B) . This was observed at the same nanofiber diameter (about 130 nm) for both nanofibers and under the same surface chemistry (PLLA) for all three test surfaces. FAK expression and phosphorylation showed increasing trends for MSCs cultured on nanofibers (Fig. 2) , suggesting that FAK may mediate MSC-nanofiber interaction. Similar but slightly different results were recently reported for skin fibroblasts [ 26 ] . When fibroblasts were cultured on polycaprolactone (PCL) nanofibers, cells showed increased FAK phosphorylation (pY397) on aligned nanofibers relative to random nanofibers, but the total FAK expression was not changed on two nanofibers. Both nanofibers had about 300 nm diameters, but results were not compared with flat control. Another study reported the effect of nanofiber diameter on FAK activation [ 27 ] . When osteoblastic MG63 cells were cultured on gelatin nanofibers with small (110 nm) and large (600 nm) diameters, both random nanofibers, cells seeded on small diameter nanofibers showed noticeable increases in FAK expression and activation relative to large diameter nanofibers. However, aligned nanofibers were not tested and results were not compared with flat control. In contrast to these reports demonstrating positive correlation between nanofibrous culture and FAK (including our current study), one study reported an opposite result. Submandibular salivary gland ductal epithelial cells seeded on poly-l-lactic-co-glycolic acid (PLGA) random nanofibers (250 nm diameter) showed diffused and decreased focal adhesion formation and phosphorylation relative to flat control as assessed by immunofluorescence and immunoblotting [ 28 ] . The difference might originate from the cell type, but with limited number of reports on this topic it is difficult to draw a conclusion due to other differences in biomaterial type, nanofiber architecture, and diameter.
It is also noteworthy that some other studies reported FAK upregulation with nanofibers but only under the aid of additional stimulatory cues. For example, cells on nanofibers could display increased FAK activation when nanofibers were further supplemented with carbon nanotubes [ 29 ] , coated with polydopamine [ 30 ] , or when bone morphogenetic protein (BMP) soluble signal was added [ 31 ] . These results, in combination with ours, suggest that nanofibers may be used to trigger focal adhesion signaling via potential intrinsic effects from nanofiber architecture and also with added chemical or soluble signals.
Our study is as far as we know the first to assess FAK expression and phosphorylation in MSCs using aligned and random nanofibers at the same diameter with appropriate flat control under the same surface chemistry. Our immunoblotting data quantitatively evidenced FAK activity upregulation via nanofibrous cultures. We further demonstrated the role of FAK in MSC-nanofiber interaction via FAK-shRNA. On aligned nanofibers, FAK-shRNA led to a significant reduction in cell major axis length relative to the vector control. On random nanofibers, FAK-shRNA induced significant decreases in both major and minor axis lengths resulting in smaller cell area and higher circularity. The observations that MSCs with interfered FAK displayed significantly impaired responses in nanofiber-guided cell elongation and spreading suggest that FAK may play a vital role in MSC sensing and adaptation to nanofibrous cultures. Relevant studies referenced above [ 26 -31 ] measured FAK expressions on nanofibers, but did not test the role of FAK via interference methods.
Even with FAK-shRNA, MSCs still showed preferred cell orientation along the aligned nanofiber direction (cell orientation angle histograms, Fig. 4B ). This might be partly correlated with the FAK silencing via shRNA which produced about 50% silencing (Fig.  3A) . A future study may adopt a complete elimination using the recently developed CRISPR-Cas9 knock-out [ 32 ] . However, since FAK may be critically required for cell survival and growth [ 23 -25 ] , CRISPR-Cas9 knock-out might not fully guarantee MSC growth on nanofibers. While MSCs with FAK-shRNA still displayed nanofiber-guided orientation, FAK silencing effect could be detected with significantly decreased major axis length (Fig. 4A) as described above.
Beyond cell shaping, focal adhesion signaling governed by nanofibers may affect downstream behaviors including migration, growth, differentiation, etc. On polystyrene (PS) nanofibers, C2C12 myoblasts showed increased migration speed when having a spindle cell shape on aligned nanofibers, which was attributed to increased focal adhesion formation assessed by paxillin immunofluorescence (FAK was not tested) [ 33 ] . In our recent study (on plain glass slides) [ 20 ] , FAK played a regulatory role in MSC migration under flow, e.g., fluid shear-induced MSC migration was significantly suppressed by FAK-shRNA possibly due to decreased focal adhesion turnover required for migration. In the study on the nanofiber diameter [ 27 ] , osteogenic differentiation by MG63 cells had positive correlation with nanofiber-induced FAK activation. Our previous study also showed that FAK may be critically required for MSC commitment such as adipogenesis [ 19 ] . Combined, the question of how FAK activation in MSCs modulated by nanofibrous cultures affects their migration, proliferation, and lineage commitment and differentiation will be the research topics of interest.
In conclusion, to reveal the FAK regulation in MSC alignment and spreading on nanofibers, we produced aligned and random PLLA nanofibers with the same average diameters and assessed cell behavior in comparison with flat PLLA control. MSCs exhibited upregulated FAK expression and pY397 phosphorylation with nanofibrous cultures. With FAK-shRNA, cell major axis length along the aligned nanofiber direction was significantly decreased, while MSCs still showed preferred orientation along the aligned nanofibers. FAK-shRNA also impaired MSC spreading on random nanofibers, resulting in lower cell area and higher circularity. Our results may provide an improved insight into how MSCs shape their morphologies on nanofibrous cultures, demonstrating a potential importance of the FAKmediated mechanism in MSC-nanofiber interaction.
Highlights
• Use aligned and random nanofibers at the same fiber diameter with proper flat control
• FAK expression and phosphorylation are increased by aligned and random nanofibers
• Elongated and well-spread morphologies on aligned and random nanofibers, respectively
• FAK-shRNA suppresses MSC elongation and spreading on nanofibrous cultures Andalib Aligned and random nanofibers were produced from PLLA to have the same diameter along with flat PLLA control. SEM images of spin-cast PLLA flat control and uniaxially aligned and randomly distributed PLLA nanofibers formed on spin-cast PLLA film. MSCs displayed elongated and well-spread morphologies on aligned and random nanofibers, respectively, which trend was suppressed by FAK-shRNA. (A) FAK-silenced MSCs were produced by shRNA (immunoblotting, ψψ : p < 0.01 with vector control).
Reprinted from our previous publication [ 19 ] with permission from Elsevier. (B) SEM images of vector control and MSCs with FAK-shRNA cultured on test substrates. In the presence of FAK-shRNA, cell major axis length on aligned nanofibers was significantly decreased (while contact-guided cell orientation was still seen) and cell spreading on random nanofibers was impaired. (A) Quantified cell morphologies for vector control and MSCs with FAK-shRNA cultured on test substrates. Methods for quantifying cell morphologies followed our published protocols [ 17 ] . Briefly, major axis length was obtained as the longest cell length and minor axis length as the length perpendicular to the major axis length. Circularity, defined as 4πA/p 2 where A is a cell area and p is a perimeter, Contact-guided cell orientation was clearly seen for the vector control on aligned nanofibers. Even with FAK-shRNA, cells showed similar orientation angle histogram on aligned nanofibers as that of the vector control. On flat control and random nanofibers, random cell orientation was observed for both vector control and FAK-shRNA.
